Abstract-This paper presents a set of preliminary calculations to assess the technical feasibility of a lighter than air tethered platform that would be used as a support for a photovoltaic array, in order to harness the solar power at high altitude and transmit it to the ground via the mooring cable. This solution would allow to collect significantly more solar radiation if compared to a traditional ground based photovoltaic array, especially in countries where the solar resource is scarce due to their location and weather conditions.
I. INTRODUCTION
he effective exploitation of the sun radiation to produce electrical power is mainly diffuse where the solar resource is easily available, like the countries of Southern Europe and certain States of the US (California…). On the other hand, the use of technologies for the production of power from the sun is very limited in countries where the solar resource is very scarce and the weather conditions can significantly influence the output of the electrical generator. This is generally true for countries at northern latitude, like the UK for example, in which the cloudy conditions have always discouraged the employment and diffusion of the photovoltaic technology.
The present study addresses this issue by proposing the design of a tethered lighter than air platform that would be used to locate the solar array at high altitude, in order to optimize the output of the solar cells and significantly increase the power production of the system respect to a traditional PV plant based on the ground. The power produced at high altitude is transmitted to the ground via the mooring cable, which is also designed to withstand the environmental S. Redi, G.S. Aglietti, A. R. Tatnall, and T. Markvart are with the School of Engineering Sciences, University of Southampton, Highfield, Southampton, SO17 1BJ, United Kingdom (e-mail corresponding author: sr1z07@soton.ac.uk).
conditions that can be found at operational altitude (strong winds and gusts). The concept has been introduced in [1] and it can constitute a compromise between the ground based photovoltaic plants and the more complicated (in terms of technical, economical and safety issues) solution proposed by Glaser [2] in the 70s, which consists of a large solar collector orbiting around the earth and transmitting the power produced to the ground using microwave radiation (Solar Power Satellite -SPS).
Following a preliminary evaluation of the environmental conditions that can be expected at different altitudes (solar radiation, wind speed and dynamic pressure) is presented in Sections II and III. Section IV briefly introduces the concept while a simple parametric model is then presented (Section V) in order to link the main parameters that describe the system and to estimate their influence on the overall performance. The results obtained for the simplest configuration (Section VI) and with the introduction of additional components (Section VII) are used to identify possible critical areas that could deny the feasibility of the system and to concentrate the next phases of the design process (Section VIII). Finally the conclusions are inferred in Section IX.
II. POTENTIAL OF HIGH ALTITUDE COLLECTORS
In this section the evaluation of the solar radiation that can reach a sun pointing surface located at different altitudes above the ground is presented. The calculations performed involve the use of a clear sky model embedded in a specific software tool combined with a dataset based on radar-lidar measurements to include the effect of the clouds on the solar radiation travelling through the atmosphere. The data acquired are provided by the Cloudnet project [3] and they are relative to a precise location in the South of the United Kingdom. However the estimate of the potential advantage that a high altitude platform could bring in terms of energy collected can lead to more general conclusions, still valid for different locations at similar latitudes and with similar climates.
A solar beam travelling through the atmosphere is considered. The loss of intensity of the solar radiation due to atmospheric scattering and absorption can be quantified with the extinction parameter in clear and cloudy sky conditions [4] . For this specific study the sky is considered clear up to an altitude of 12 km and the estimate of the solar radiation in this ideal condition is obtained with the use of SMARTS (Simple Model of the Atmospheric Radiative Transfer of Sunshine) [5] . Below that altitude, the effect of the clouds is taken into 
III. OPERATING CONDITIONS
The calculations used to assess the technical feasibility of the system involve the determination of the atmospheric conditions in which the system is due to operate. In particular it is necessary to determine atmospheric temperature, pressure and density profile. Furthermore it is important to estimate the wind speed at different altitudes in order to evaluate the aerodynamic loads on the system. The calculations for the determination of temperature, pressure and density profiles are based on the ISO International Standard Atmosphere [6] , assuming air as a perfect gas. The wind speed data used in the calculations were provided by the Natural Research Council (NERC), from the Mesosphere-Stratosphere-Troposphere (MST) radar station located at Capel Dewi (52.42˚N, 4.01˚W), near Aberystwyth in west Wales, UK. This station acquires the vertical and horizontal speed of the wind everyday continuously, covering an altitude up to 20 km with a resolution of 300 m. The horizontal wind speed measurements relative to the period January-December 2007 are elaborated to obtain the mean wind speed profile which is presented in Fig 2. Having determined density and wind speed it is possible to define the dynamic pressure acting on the system, which is used to determine the aerodynamic drag. It is important to notice that the altitude relative to the maximum dynamic pressure is not the same altitude at which the maximum wind speed occurs due to the decreasing profile of the atmospheric density. The peak in the dynamic pressure (151.3 Pa) occurs at an altitude of about 7800 m (Fig 3) , while the peak in wind speed (24.4 m/s) is found at an altitude of about 9000 m. Power Generation) basically consists of a lighter than air platform (a helium filled balloon) which provides the necessary lift to locate a photovoltaic system at high altitude above the ground. The balloon envelope is partially covered by solar cells which convert the solar radiation collected into electrical power. The power generated is then transmitted to the ground by the mooring tether. As an example of the system proposed, the concept is schematically presented in Fig  4 . The choice of the PV cells type needs to take into account a possible trade off between efficiency, mass and cost of the device. For the moment crystalline silicon cells seem the most promising technology for this kind of application. High efficiency multijunction solar cells are also being considered, even though the cost might be an issue in this case, and it has to be assessed in the next phases of the project (see Section VIII. ).
For what concerns the application of the PV cells to the external surface of the platform, two different solutions are currently being taken into account. The first solution is the simplest one and it considers the possibility of attaching the cells directly to the balloon envelope. However, this method implies that different cells will have different orientations respect to the direction of the sun, since they are forced to follow the balloon curvature. This can cause a significant decrease in the efficiency of the system, as the direct radiation intensity varies with the cosine of the angle of incidence of the solar beam on the cell surface. A way of avoiding this main disadvantage is by mounting the PV array on a rigid frame attached to the external surface of the balloon. The frame would work not only as a support for the PV devices, but it would also allow having the cells pointing in the same direction, compensating for the curvature of the balloon surface.
The tracking of the sun can be achieved through the use of a gimbaled pointing mechanism. This allows the platform to perform the control on the elevation and azimuth angles with the implementation of a combined system of electrical motors, aerodynamic profiles and fans located behind the aerostat. The system can provide the necessary torque to withstand the moments due to the external aerodynamic forces. In order to minimize these external moments, a spherical shape for the balloon has been selected. The additional drag force generated by this shape if compared to a streamlined one, can be taken into account during the design of the external envelope of the balloon, as presented in [9] .
V. MODEL DESCRIPTION
The model presented in this section considers the simplified case of a tethered spherical balloon subjected to a wind speed profile at different heights above the ground as presented in [7] . The main parameters involved in the calculations concern the atmospheric conditions discussed in Section III, the balloon properties (diameter, drag coefficient, envelope and lifting gas weight), the tether characteristics (length and weight) and the payload weight. The calculations performed by the model are used to determine the maximum altitude reached by the balloon and the final shape of the tether in steady state conditions, for a given set of input parameters describing the system. Additional output parameters include the horizontal displacement of the balloon, the inclination angle between the tether and the horizontal, the aerodynamic forces on the system and the tension along the tether.
The tether length from the balloon to the ground is discretized into a defined number of segments and nodes, the first node representing the balloon while the last one corresponding to the ground station. Fig 5 shows the discretization of the system and the reference frame used during the calculations. For each node the forces along the tether and the angle of inclination are calculated considering the conditions of equilibrium, when subjected to the aerodynamic loads and the weight of the tether segment. Starting from the first node and having determined the angle of inclination, the position of each of the following nodes can be determined. Finally, the position of each node needs to be translated in order to make the final node coincide with the origin of the reference frame on the ground, leading to the determination of the tether shape y x 1 nth node nth segment Wind Speed in equilibrium conditions. The position of the balloon obtained after the first iteration is used to define the new initial condition for the calculations. The procedure described above is then iterated until the shape of the tether converges to a final configuration.
VI. BASE CONFIGURATION
The purpose of this section is to define a set of input parameters in order to identify a possible initial configuration, to be used as a starting point for the choice of the various components of the system and for the assessment of its technical feasibility. The calculations are exploratory and the values assumed for the different parameters should take into account the limitations that a preliminary study implies.
Diameter of the balloon and envelope surface density are set to 90 m and 0.5 kg/m 2 respectively, while the defined tether length is 6000 m. Considering the size of the balloon and the atmospheric conditions presented above, the Reynolds number that can be expected goes from 2.0e6 to 7.5e7. In this range the drag coefficient for a sphere is around 0.2. Several studies ( [8] [9] ) suggest that this value can be increased significantly due to the presence of vortex induced vibrations in the dynamical behavior of the tethered balloon. Unfortunately the range of Reynolds numbers investigated is different from our specific study, and this problem needs to be addressed more in detail in the next phases of the project.
For this initial configuration, the payload is assumed to consist only of a photovoltaic array with a peak power of 500 kW. The solar cells considered have an efficiency of 16% and a specific power of 340 W/kg, which are typical figures for monocrystalline silicon cells. A conservative penalty factor of 2 for the weight of the PV system is assumed in order to include the contribution of cables, diodes... Potential additional components (in particular transformers) are not taken into account for the moment. Under these assumptions the surface covered by the PV cells and the weight of the payload can be determined as 3125 m 2 and 28823.5 N respectively.
The power produced at high altitude needs to be transmitted to the ground limiting the losses along the conductor (assumed as aluminum), choosing a suitable value for the transmission voltage. A reasonable value for the transmission losses can be set to 5% of the peak power produced by the PV system while the transmission voltage can be set to 1000 V. This value is considered as a limit for the simplest system configuration, without the presence of any additional components to optimize the transmission of the power to the ground.
The tether needs to be designed not only to ground the power produced but also to withstand the tension stress due to the forces applied. Kevlar fibres are assumed for the properties of the composite in the mooring tether, carrying the mechanical loads (with a safety factor of 3).
Having defined the input parameters above, the calculations described in Section V are performed iteratively providing the shape of the tether in equilibrium conditions (Fig 6) and converging to the final values for horizontal and vertical displacement of the balloon and inclination angle of the tether. Moreover the simulation provides the weight of the different components of the system. These values are presented in Table 1 , where they are also expressed as percentage of the total balloon buoyancy. The remaining lift after subtracting all the weights from the buoyancy is defined as free lift. This parameter is extremely important and it can be considered the main design driver, since a significant amount of free lift (around 30%) is essential to withstand the atmospheric conditions during the ascent and the operational phase of the system [10] . It must be noticed that the contribution of the tether conductor to the total weight is significant. On the other hand the contribution of the payload is almost negligible. For the present configuration, the only contribution to the payload weight is given by the photovoltaic array. Possible additional components (such as the presence of a transformer) are not considered for the moment. Including these components would allow to increase the transmission voltage and, as a consequence, decrease the section and weight of the conductor. As the transmission transformers can step up the voltage to values of several kVs, a limited increase in the weight of the payload could imply a more significant reduction in the weight of the tether. Furthermore, the choice of heavier solar cells at higher efficiency (like the multijunction cells) could bring a significant advantage in terms of power produced by the solar array.
VII. ADDITIONAL COMPONENTS ASSESSMENT
As described in the previous section, the main contribution to the weight of the system is given by the transmission tether, which needs to be designed in order to limit the amount of electrical power losses. Having set a limit for the losses, the weight of the conductor is inversely proportional to the square of the transmission voltage, which can be increased significantly through the introduction of an inverter and a transformer to step up the voltage to a value suitable for transmission.
Therefore it is important to investigate the possible effect that the introduction of additional components can have on the system. In particular it is necessary to evaluate the influence of these components on the overall size, weight, and performance of the system. The research has been focused so far on components available in the market. The possibility of customizing the various components in order to optimize the characteristics of the system will be considered in the following phases of the project.
Inverters for large scale PV projects available in the market can have power ratings up to 1 MW ( [11] , [12]). They can provide the tracking of the maximum power point and an efficient monitoring of the PV plant, in order to optimize the power production. Considering the base configuration presented in the previous section, a 500 kW unit can have a mass of around 3000 kg (i.e. a weight of 29400 N).
On the other hand the transformers used for industrial power distribution usually have power ratings up to 2500 kVA and high voltages that can reach 36 kV [13] . The efficiency is usually quite high (between 98 and 99%). A rough estimate of the mass of this kind of devices can be obtained through the analysis of the datasheets provided by the different companies. As a representative example, the 500 kVA ABB Resibloc dry type distribution transformer ( [14] ) has a mass of about 2500 kg (i.e. a weight of about 24500 N) and it can step up the voltage to a value of 20 kV.
Given the weight estimates above, including the inverter and the transformer in the design of the system would imply an increase in the payload weight to about three times the value for the base configuration. The correspondent decrease of the conductor weight in the tether due to the increment of the transmission voltage is equal to 400. Since the weight of the composite component of the tether remains unchanged, the total tether weight in the base configuration is about nine times the weight of the tether when the additional components are included.
Therefore, from the figures presented, it is immediate to quantify the advantage that the introduction of the inverter and transformer can bring in terms of reduction of the system weight. As a consequence the free lift is also increased, rising to a value of about 71%. This means that a smaller diameter would allow the balloon to withstand the operating environment conditions (wind speed) during its ascent above the ground. In addition to that, the tether tension due to the aerodynamic drag forces on the balloon would be reduced.
However a smaller diameter of the balloon would decrease the amount of area that can be covered by the solar cells. This means that, having set the solar cell type (i.e. their efficiency) and the maximum fraction of envelope that can be covered, a smaller diameter implies a lower amount of installed power. It is therefore necessary to choose a solar cells type (i.e. to set a value for the solar cells efficiency) in relation to the power that has to be installed and the available external surface of the balloon. Multijunction solar cells for example can have efficiencies as high as about 30% and they can therefore reduce the covered surface to half the area covered with traditional silicon cells, keeping the same value for the installed power.
The main drawbacks that the introduction of possible additional components might bring are related to the performance, reliability and cost of the system.
First of all, the introduction of different subsystems to optimize the power transmission would significantly increase the complexity of the generator, when compared to the base configuration that directly grounds the dc power generated by the solar array. This increased complexity might introduce showstoppers that could deny the technical feasibility of the system. As an example, it must be noticed that inverters and transformers are generally designed to operate in environmental conditions that can be found on the ground. The ABB Resibloc is tested at temperature as low as -60˚C, which is around the temperature that can be expected at operational altitude. Nevertheless, it is crucial to evaluate the behavior of this kind of devices when operating in the extreme environmental conditions at high altitude for the purpose of assessing the reliability of the whole system. These issues are common to other flying electrical generators and different solutions have been proposed recently as presented in [15] .
Finally the possible inclusion of additional components in the design of the system will affect the overall cost of the generator. Therefore, it is important to compare the advantages that these devices can bring in terms of power produced and delivered to the ground, to the increased cost of the system in order to assess the impact of the design on the final cost of the power.
VIII. FURTHER WORK
Having completed the concept definition and a preliminary configuration study of the system, the further activities will involve its detailed design and optimization. Moreover different technical issues will be considered, and possible trade offs will be assessed on the basis of the considerations presented in the previous section. The final step of the next phase will be the definition of the best solution in terms of size of the system, power installed, and components integrated for the collection production and transmission of the electrical power.
The main technical issues to be considered include the sizing of the various subsystems as well as the definition of the interfaces between these subsystems and the external envelope of the balloon. In particular it is necessary to define a procedure for the design of the mechanism used to track the sun during the day. As a caveat it must be noticed that the mass of the pointing mechanism has not been included so far in the calculations. This mass might not be negligible and has to be assessed and included in the final breakdown.
In addition to the detailed design of the components, a specific study is needed, to investigate possible problems related to the dynamical behavior of the tethered aerostat when subjected to the environmental conditions (wind speed and gusts) at operational altitude. Starting from the work described in [8] , further studies will be conducted in order to evaluate the rotations caused by the aerodynamic effects on the balloon for our specific Reynolds numbers range. The results obtained will be integrated in the procedure for the design of the pointing mechanism as input parameters.
Once the detailed design is completed, a precise estimate of the cost of the system will be performed. It will be then possible to compare the solution proposed with typical ground based PV plants and other alternative sources. Moreover the option of implementing multiple balloons (solar farms) will be assessed, considering technical and economical implications.
Finally the safety and regulatory issues involved in the development of a high altitude power generator will be evaluated. Some aspects of these problems have been described and addressed in [1] . However more work needs to be done, in order to prove the feasibility of the system, not only from a technical point of view but also from a commercial one.
IX. CONCLUSIONS
The calculations presented in the previous sections are performed to evaluate a possible configuration for a high altitude solar collector, which would locate a photovoltaic array at high altitude, in order to optimize the power output of the solar cells.
The model of a tethered lighter than air spherical balloon is used to simulate the behavior of the system in working conditions. The calculations are also used to size the main subsystems, such as the photovoltaic array and the transmission cable, and to assess the influence that these components can have on the overall weight.
The base configuration proposed is the simplest possible one, and it takes into account only for the presence of the solar array, during the payload components assessment. The preliminary results show how this simple configuration can be technically feasible. Nevertheless the figures obtained also highlight the possibility of including additional components in the design of the system, such as an inverter and a transformer to step up the transmission voltage and significantly reduce the weight of the tether.
The impact that the introduction of these components would have on the optimization of the overall design of the system, and on the power produced and transmitted to the ground has been preliminarily evaluated. The main disadvantages that the introduction of the additional components can bring concern the increased complexity of the system and its reliability.
Further activities will address different technical issues in order to assess the final technical feasibility of the Aerostat for Electrical Power Generation. Once all the possible technical show stoppers will be evaluated, possible economical, safety and regulatory aspects of the research will be taken into account for the purpose of completing the study and proving the implementation of the concept.
